Neural stem cells in different locations of the postnatal mouse ventricular-subventricular zone (V-SVZ) generate different subtypes of olfactory bulb (OB) interneurons. High Sonic hedgehog (SHH) signaling in the ventral V-SVZ regulates the production of specific subtypes of neurons destined for the OB. Here we found a transient territory of high SHH signaling in the dorsal V-SVZ beneath the corpus callosum (CC). Using intersectional lineage tracing in neonates to label dorsal radial glial cells (RGCs) expressing the SHH target gene Gli1, we demonstrate that this region produces many CC cells in the oligodendroglial lineage and specific subtypes of neurons in the OB. The number of oligodendroglial cells generated correlated with the levels of SHH signaling. This work identifies a dorsal domain of SHH signaling, which is an important source of oligodendroglial cells for the postnatal mammalian forebrain.
INTRODUCTION
Oligodendrocyte progenitor cells (OPCs) in the mammalian cerebral cortex have been suggested to originate from the ventral telencephalon (He et al., 2001; Marshall and Goldman, 2002) . However, cell fate mapping using Emx1:: Cre transgenic mice show that many oligodendrocytes in the cortex are generated dorsally (Gorski et al., 2002) . These seemingly contradictory observations are reconciled in a study using Nkx2.1::Cre; Gsh2::Cre and Emx1::Cre transgenic mice to lineage trace progenitor cells of the medial and lateral ganglionic eminences (MGE and LGE) and the cortex, respectively. These analyses demonstrate three sequential waves of oligodendrocyte production in the forebrain (Kessaris et al., 2006) . The first OPCs arise from the MGE and AEP in the ventral telencephalon at embryonic day 11.5 (E11.5); the second wave of OPCs originates from the LGE around E15, and the third wave comes from the cortex during the early postnatal period (Kessaris et al., 2006) . The MGE and AEP are enriched with Sonic hedgehog (Shh), its receptor Patched (Ptc), and oligodendrocyte transcription factor 2 (Olig2) (Spassky et al., 2001; TekkiKessaris et al., 2001; Fuccillo et al., 2004) . However, the region of origin of this third wave and whether these progenitors are regulated by SHH signaling remain unknown.
Interestingly, in rodents, the last wave of OPCs appears to be generated postnatally coinciding with the production of many neurons destined for the olfactory bulb (OB). These neurons and oligodendrocytes are derived from persistent germinal activity in the postnatal ventricular-subventricular zone (V-SVZ) (Levison and Goldman, 1993; Luskin and McDermott, 1994; Menn et al., 2006) . The V-SVZ is an extensive germinal layer on the walls of the lateral ventricles that includes components derived from the MGE, LGE, septum, and cortex (Merkle et al., 2007; Alvarez-Buylla et al., 2008; Fuentealba et al., 2015) . Different subregions of the V-SVZ are specialized for the production of different subtypes of OB interneurons, but the origin of OPCs from this postnatal germinal niche remains unknown. Here we identify a dorsal SHH-dependent domain in the postnatal V-SVZ, where many oligodendroglial lineage cells are generated. This domain may be critical for oligodendrogenesis and myelination in the postnatal forebrain.
RESULTS
Transient Expression of Gli1 in the Dorsal V-SVZ In the postnatal V-SVZ, SHH is important for the generation and proliferation of neural stem cells (Lai et al., 2003; Balordi and Fishell, 2007) and for the specification of regional identity (Ihrie et al., 2011; Merkle et al., 2014) . Consistently, expression of Gli1 is higher in the ventral V-SVZ compared with the dorsal V-SVZ (Fuccillo et al., 2004; Palma et al., 2005; Ihrie et al., 2011; Bai et al., 2002; Petrova et al., 2013) . However, these studies were performed mainly on adult brains. In situ hybridization (ISH) for Gli1 in mice at postnatal age (P)0, P7, P14, and P21 showed that Gli1 expression at P0 and P7 was enriched not only at the anterior ventral (AV) V-SVZ ( Figures 1A-1H ), but also dorsally in a region between the lateral ventricle and the CC (the subcallosal V-SVZ) ( Figures  1A, 1B, 1E , and 1F). Expression of Gli1 in the subcallosal V-SVZ was reduced by P14 and mostly absent at P21 (Figures 1C, 1D, 1G, and 1H) . In contrast, the ventral domain of high Gli1 expression was maintained into adult life (Ihrie et al., 2011) .
V-SVZ whole mounts ) dissected from Gli1::LacZ reporter mice (Bai et al., 2002) at P4 clearly showed the two domains of Gli1 expression ( Figure 1I ): in the AV region and at the dorsal edge of the whole mount corresponding to the subcallosal V-SVZ. qRT-PCR analysis of tissue dissected from the anterior dorsal (AD), AV, posterior dorsal (PD), and posterior ventral (PV) regions (Figure 1J ) confirmed this temporal and spatial pattern of expression. Expression of the transcription factors Pax6 and Nkx2.1, which are highly expressed in the dorsal and ventral forebrain, respectively (Toresson et al., 2000; Xu et al., 2008) , were used as controls for the microdissection ( Figures 1J and 1K ). At P0 and P7, elevated levels of Gli1 were observed in the subcallosal V-SVZ ( Figure 1L ). However, at P14 and P21, the highest expression of Gli1 was observed in the AV V-SVZ ( Figure 1L ). These results reveal a dorsal domain of elevated Gli1 expression, which appears transiently during early postnatal development.
Radial Glia in the Subcallosal V-SVZ Produce Neurons and Oligodendroglial Cells
To determine the types of cells derived from the Gli1-expressing subcallosal V-SVZ, we injected adenovirus-expressing Cre Figures 2K-2N) ; however, these cells were rare, and it was difficult to colocalize the tdTomato signal, which was stronger in the cell body, with MBP staining, which were mainly in the processes. This suggests that subcallosal V-SVZ RGCs give rise to oligodendroglial cells that migrate to the CC postnatally. Subcallosal V-SVZ Gli1-Expressing RGCs Produce Cells in the Oligodendrocyte Lineage The above lineage tracing experiments show that large numbers of oligodendroglial cells are derived from subcallosal V-SVZ RGCs. To directly show that these oligodendrocytes are derived from those RGCs that express Gli1, we made use of LacZ/EGFP double reporter mice (Yamamoto et al., 2009) , which express EGFP after dual CRE and FLP recombination ( Figure 3A ). By crossing these reporter mice with Gli1::CreER mice and administering tamoxifen to their offspring at P0-P2, we induced CRE recombination in the Gli1-expressing cells ( Figure 3A ). Then we stereotaxically injected adenovirus-expressing Flp (Ad::Flp) to target the RGCs at the cortical V-SVZ ( Figure 3A ). In this way, only the Gli1-expressing RGCs in the subcallosal V-SVZ and their progeny were labeled with EGFP.
As with the single dorsal targeting methods, the intersectional (CRE-FLP) genetic labeling resulted in EGFP + neurons in the OB ( Figure 3G ) and many labeled cells in the CC ( Figure 3B ) at P28. The majority of EGFP + cells in the CC corresponded to cells in the oligodendroglial lineage ( Figure 3B ). These cells expressed OLIG2 ( Figure 3C ), SOX10 ( Figure 3D ), and APC ( Figure 3E ). Some of the EGFP + cells in the CC were fibrous astrocytes that expressed the glial fibrillary acidic protein (GFAP) ( Figure 3F ). Consistent with previous findings that RGCs in the dorsal V-SVZ generate superficial granule cells (sGCs) (Merkle et al., 2007) , the majority of EGFP + neurons in the OB corresponded to sGCs ( Figure 3G ). These neurons expressed the pan-neuronal marker NEUN ( Figure 3H ) but did not express the calcium-binding protein calretinin (CALR) ( Figure 3I) . A small number of EGFP + periglomerular cells (PGCs) expressed the dopaminergic neuronal marker tyrosine hydroxylase (TH) ( Figure 3J ). Of the EGFP + cells, 37.5% ± 3.2% were oligodendroglial cells in the CC, 7.8% ± 1.7% were astrocytes in the CC, 52.2% ± 3.7% were OB GCs, and 2.7% ± 1.1% were PGCs ( Figures  3K and 3L) . A few EGFP + cells were also present in the cortex ( Figure 3B ). These included SOX10 + oligodendroglial cells and protoplasmic astrocytes that were GFAP À (data not shown). However, it is not clear whether these cortical cells were the progeny of Ad::Flp-infected RGCs or were directly infected by Ad::Flp along the needle track. These results show that Gli1-expressing, dorsally projecting RGCs give rise to a subpopulation of sGCs, PGCs, many CC oligodendroglial cells and a subpopulation of CC fibrous astrocytes.
Ectopic Activation of SMO Increases Oligodendrogenesis at the Dorso-lateral V-SVZ
The above experiments demonstrate that subcallosal V-SVZ RGCs produce many CC oligodendroglial cells and that this process is SHH dependent. In contrast, the dorso-lateral wall facing the striatum normally gives rise to very few oligodendrocytes in the CC (Menn et al., 2006) . We were therefore curious whether activation of SHH signaling in the dorso-lateral V-SVZ had any effect on the production of oligodendrocytes. We performed SmoM2 activation by injecting Ad::Cre laterally into SmoM2; Smo +/+ ; Ai14 mice ( Figure 4A ). This resulted in a dramatic (10-to 20-fold) increase in the production of tdTomato + cells ( Figures 4E and 4F ) that expressed OLIG2 ( Figure 4B ), SOX10 ( Figure 4C ), and APC (Figure 4D ) in the CC. These observations suggest that as in the subcallosal V-SVZ, ectopic SHH activity in the dorsolateral V-SVZ promotes the generation of oligodendroglial cells that migrate into the CC.
SHH Activity Increases Oligodendrogenesis at the Dorsal V-SVZ in the Adult
Our ISH ( Figures 1C, 1D , 1G, and 1H) and RT-PCR (Figure 1L ) data indicate that Gli1 expression in the subcallosal V-SVZ diminished after the first postnatal week. If SHH activity were reinstated in the adult, would dorsal V-SVZ progenitor cells be stimulated to produce oligodendrocytes? We injected Ad::GFAPpCre into the dorsal V-SVZ of P30 SmoM2; Smo +/+ ; Ai14 mice ( Figure 4G ). 4R ). This result suggests that ectopic activation of SMO in the dorsal V-SVZ promotes oligodendrogenesis in the adult. This is consistent with a previous study showing increased OPCs in the adult mouse CC upon SHH delivery in the lateral ventricle (Loulier et al., 2006) .
DISCUSSION
We identified a dorsal V-SVZ domain that transiently expresses high levels of Gli1 during the first postnatal week in mice. We lineage traced Gli1-expressing RGCs in this dorsal domain and showed that a subpopulation of OB interneurons, CC astrocytes, and oligodendroglial cells are derived from this region. Genetic ablation of Smo in these dorsal V-SVZ RGCs resulted in a reduction in their production of oligodendroglial cells in the CC. In contrast, expression of constitutively active SmoM2 significantly increased the number of oligodendroglial cells produced. Moreover, this effect of SmoM2 was also observed in adult mice, when Gli1 expression was greatly diminished in the dorsal V-SVZ. In the developing neural tube, levels of SHH ligand vary along the dorsoventral axis to create a morphogen gradient (Ahn and Joyner, 2004 ; Ribes and Briscoe, 2009), which results in graded levels of GLI. In the adult V-SVZ, we have previously reported that ablation of Shh decreases production of ventrally derived OB neuronal subtypes (Ihrie et al., 2011) . In the present study, we identified a dorsal V-SVZ domain, where ectopic activation of the SHH pathway led not only to the respecification from superficial to deep interneurons (Ihrie et al., 2011) , but also to a dramatic increase in oligodendrogenesis. In contrast, deletion of Smo had the opposite result (i.e., decreased oligodendrogenesis). Interestingly, dorsal-targeted inactivation of Smo also decreased production of dorsally derived neurons in the OB (data not shown). This observation indicates that SHH is not only controlling the types of neurons produced but also their numbers.
It is interesting that OB neurons produced from the transient Gli1-enriched subcallosal domain in juvenile mice mostly corresponded to sGCs, when they were derived from a region with active SHH signaling. It is possible that the relative levels of SHH signaling are adjusted in different domains. The intensity of Gli1 expression (Figure 1 ) suggests higher levels ventrally than dorsally, but further quantitative analysis of SHH signaling would be required to understand how neuronal cell types are specified. Location in the V-SVZ might be associated not only with differences in SHH signaling levels, but also other signaling pathways. Similarly, high SHH signaling in V-SVZ progenitors is not always associated with high oligodendrogenesis; the ventral V-SVZ has high Gli1 expression, but produces few oligodendrocytes postnatally (Kessaris et al., 2006; Menn et al., 2006) .
These results reveal a dorsal domain in the juvenile telencephalon with high levels of SHH signaling, where many oligodendrocytes are produced. While our study provides evidence that this transient and restricted domain is an important source of OPCs, we cannot rule out that other regions within the Emx1 + dorsal forebrain (Kessaris et al., 2006) could also contribute to oligodendrogenesis. Together with other studies (Merkle et al., 2007 (Merkle et al., , 2014 , this work illustrates the high level of regionalization in the postnatal V-SVZ. It will be interesting to determine whether the developing human brain contains a similar Gli1-expressing territory. The production of large numbers of OPCs from a similar subcallosal territory could help explain the developmental origin of the many oligodendrocytes required for the greatly expanded white matter in the human brain. Gliomas can originate from OPCs (Alcantara Llaguno et al., 2009; Jacques et al., 2010; Liu et al., 2011) ; the territory of heightened OPC production we describe here could also help better understand the origin of some brain tumors.
EXPERIMENTAL PROCEDURES

Mice
All experiments were performed with adherence to the guidelines from the University of California, San Francisco Institutional Animal Care and Use Committee. Additional details are described in the Supplemental Experimental Procedures.
V-SVZ Whole-Mount Preparation
V-SVZ whole-mount dissection was carried out as previously described . X-gal staining was performed after 30-min fixation in 4% paraformaldehyde (PFA).
ISH
ISH was performed in 12-mm sections using standard procedures (Han et al., 2008; Ihrie et al., 2011) and antisense riboprobe from Gli1 cDNA (from A. Ruiz I Altaba, University of Geneva Medical School).
qRT-PCR
Different regions of the V-SVZ ( Figure 1J ) were microdissected from 300-mm vibratome sections of unfixed brains for RT-PCR analysis. Additional details are described in the Supplemental Experimental Procedures.
Immunohistochemistry
Fifty-mm tissue sections were incubated with primary antibodies (Abs) at 4 C overnight, followed by secondary Abs at 4 C overnight. Additional details are described in the Supplemental Experimental Procedures.
Virus Injections
Neonatal pups were injected with 20 nl adenovirus in a region-specific manner as previously described (Merkle et al., 2007) . Adult (P30) mice were injected with 20 nl Ad::GFAPpCre as previously described (Merkle et al., 2007) . Additional details are described in the Supplemental Experimental Procedures. 
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